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ABSTRACT
A comprehensive investigation on impingement heat transfer of different jet array
arrangements is presented. Experiments on the inline jet arrays and the linearly stretched
arrays are performed using transient liquid crystal technique. Three experimented basic
inline jet arrays ar e configurations 4X4, 8X4 and 8X8. Two experimented cases for the
linearly stretched arrays are the uniform diameter case and the varying diameter case. For
the inline jet arrays, three jet heights Z/D=1, 3 and 5 and three Reynolds numbers
Re=5000, 10000 and 15000 are investigated. For linearly stretched arrays, the same three
jet heights and Re=2000, 6000 and 10000 are investigated. Detailed local Nusselt number
distributions are presented and compared for each case. Spanwise averaged heat transfer
coeffic ients are plotted and compared. Data analysis indicates that for the inline jet arrays,
Z/D=3 produces higher heat transfer coefficients and for the linearly stretched array, the
varying diameter case produces higher heat transfer coefficient at large Reynolds number.
Experimental data is compared with two correlations from Kercher and Tabakoff and from
Florscheutz et al. Experimental results are comparable to these two correlations but
comparisons also show that both correlations over-estimate the heat transfer coefficient for
the first impingement jet row and under-predict the heat transfer coefficient for strong
cross-flow situation. Furthermore, they are imprecise for complicated jet array geometries.
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CHAPTER 1
REVIEW ON IMPINGEMENT HEAT TRANSFER
1.1 Introduction
Impingement heat transfer is considered as a promising heat transfer enhancement
technique. Among all convection heat transfer enhancement methods, it provides
significantly high local heat transfer coefficient. At the surface where a large amount of
heat is to be removed /addition, this technique can be employed directly through very
simple design involving a plenum chamber and orifices. For instance, in gas turbine
cooling, jet impingement heat transfer is suitable for the leading edge of a rotor airfoil,
where the thermal load is highest and a thicker cross-section enables accommodation of a
coolant plenum and impingement holes. This technique is also employed in turbine guide
vanes (stators). Other applications for jet impingement could be combustor chamber wall,
steam generators, ion thrusters, tempering of glass, electronic devices cooling and paper
drying, etc.

1.2 Mechanism Outlines and Applications
Jet impingement cooling (or heating as well) is a very effective heat transfer
mechanism. The main reason is that jet impingement flow forms a very thin boundary
layer, as shown in the top plot in Figure 1.1. ‘Impingement’means ‘collision’that the
coolant flow collides into the target surface and guarantees a thin stagnant boundary layer
at the stagnant core for cold coolant contacting the hot surface without damping. The
bottom plot in Figure 1.1 shows that the heat transfer coefficient decays as radius increases
except that a second peak occurs when jet is close enough to target surface (small z).
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Figure 1.1 Jet impingement heat transfer mechanism

The choices of heat transfer enhancement techniques and usages are core concerns
for modern gas turbine designers. Many researchers have contributed their efforts towards
better understanding of Impingement cooling. Studies on impingement heat transfer
enhancement technique focused on single jet impingement (round jet or slot jet) and then
expanded to impingement jet arrays. Illustrated by the simple sketch in Figure 1.1, for a
single jet, coolant airflow rushes through a jet nozzle and directly hits the target area. The
velocity of the jet airflow is very high, resulting in turbulent flow immediately after
impingement. Before impingement, the flow is a free jet flow, which is characterized with
free boundary, point of inflection, and a potential core right after the nozzle. After
impingement, the flow is a wall jet flow. Its velocity profile decays rapidly near the wall.
The flow is extremely turbulent, with high velocity fluctuations, with increased local
turbulent mixing. As a result heat transfer performance is enhanced significantly. The
stagnant core produces the highest heat transfer coefficient (h) and it decreases beyond the
stagnant point. However, when jet hole is very close to the target wall, a second peak in
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heat transfer coefficient appears nearby around the center peak, which is found by Gardon
and J. Akfirat investigated on a single impinging jet [5]. Sparrow and Wong investigated
the effect of jet-to-target-plate spacing for a single jet [21]. Goldstein et al. provided
variations in single jet heat transfer with considerations of Reynolds number and the jet-totarget-plate spacing [23]. Goldstein and Seol also compared the heat transfer between a
row of circular jet and a slot jet [24].
Multiple jets in arrays are used to cover larger area. Studies are focused on the
geometric arrangement of jets. The geometry of regular inline jet holes arrays can be
characterized by non-dimensional parameters, Xn/D, Yn/D, and Zn/D. Xn/D and Yn/D
represent the jet-to-jet spacing in streamwise direction and spanwise direction respectively
in a Cartesian coordinate and Zn/D gives the jet-to-target plate spacing. All three
parameters are normalized by the jet nozzle diameter (D). Some correlations were
presented for different jet arrays configurations, depending on geometric parameters, flow
strength and array configuration. So far most of the theoretical and experimental
investigations are conducted under regular jet arrays and a constant exhaust channel. The
effects of the three geometric parameters, Xn/D, Yn/D and Zn/D have been studied
experimentally and theoretically. As expected, increasing jet-to-jet spacing in streamwise
or spanwise direction will lead to decrease in overall heat transfer coefficient. A larger
exhaust channel, or jet-to-wall spacing, also produces lower heat transfer. Some studies
focus on the arrangement of the jet hole arrays, inline and staggered. Uniformly, all the
studies found that staggered arrays of jet holes produced higher heat transfer rate than the
inline case. Matsumoto et al. presented a more detailed flow field for impinging flow,
which providing some insights on how jets interact with each other [8].
In addition to these three factors, the cross-flow is another important parameter that
affects jet impingement heat transfer performance. Cross-flow is the spent jet flow
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upstream of the local jet and reinforced by the local jet flow after its impingement. Strong
cross-flow is a non-desirable factor in impingement heat transfer, because cross flow tends
to push the impinging air flow downstream and dilutes the impinging jet intensity.
However, for cross flow velocity less than 10% of the jet average velocity, the surface heat
transfer is enhanced. For any impingement jet array situations, cross flow is inevitable.
Some studies have shown how cross flow affects heat transfer. These studies presented
correlations that account for regular arrays of impingement jet holes with low to moderate
cross flow effect. Both correlations show moncotonous decreases in Nusselt number with
stronger cross flow. Florschuetz et al. also studied on the effect of initial cross flow on
impingement heat transfer [19]. Their results show that the initial cross flow lowers the
impinging heat transfer performance. As the initial cross flow rate increases, convective
heat transfer will be more dominated by the cross flow. Huang et al. studied the effect of
spent air flow direction on impingement heat transfer, when the feeding flow is parallel to
the spent flow [16]. They found when the spent flow has an opposite direction to incoming
flow, Nusselt number peak occurs at leading section of the heat transfer target wall. When
spent flow has the same direction as the incoming flow, the Nusselt number at the trailing
part will slightly higher than the leading part, but with overall performance 40% lower.
According to their study, when both directions are allowed for spent airflow, Nusselt
number is uniformly high, which is the best case. Some researchers proposed to remove
spent airflow right after impinging in order to reduce the cross flow. Hollworth and Dagan
conducted experiments on this geometry [9]. They drilled holes on the target plate at the
same position with impingement jet holes and the positions in between. They reported 2030% higher heat transfer rate compared with side venting case. Ekkad et al. also studied a
jet impingement plate with holes to reduce cross-flow effect. They saw that the presence
of holes on target surface increases overall heat transfer [25].
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Figure 1.2 Schematic of impingement cooling arrangement in a first-stage turbine inlet
guide vane (Taylor, 1980)
Figure 1.2 illustrates how jet impingement cooling is employed in a vane airfoil.
This is a typical jet impingement configuration for gas turbine vanes that consists with two
chambers separated by a perforated wall. One chamber is pressurized with coolant air.
Through the perforated wall, the opposite wall of the other chamber experiences
impingement heat transfer effect. Typically, more than one heat transfer enhancement
methods are used in the airfoils to protect it from being over-heated.
Some other possible situations where the jet impingement cooling technique
applies are in the combustor: backside cooling for combustor wall and endwall backside
cooling, as shown in Figure 1.3. The modern Dry Low Emission (DLE) combustor is
required to produce a low NOx emissions, especially for on-ground use in power
generation plant,
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Figure 1.3 Combustor chamber wall and endwall impingement cooling

more complete burn for the fuel is required. Previously in the combustor, the film cooling
being deployed, the spent coolant keeps entering the combustion chamber from film
cooling holes on the chamber wall along with combusting fuel/air mixture moving forward,
which lowers the peak combustion temperature inside. Hence, impingement cooling was
introduced in the newer designs so that the spent coolant after carrying the heat enters the
chamber together with the fuel thus removing the need for film cooling.

1.3 Challenges and Motivations
It is fairly evident that the dimensionless geometric parameters (Xn/D, Yn/D and
Zn/D) are not sufficient to express the complicated jet holes arrangements that have
varying spent air channel width, varying jet holes diameter, and 3-dimensional non-flat
surface, in a real gas turbine situation. The industry will be much more benefited if
correlations for complicated geometries existed. Since these correlations do not exist and
due to cost of experimentation, designers depend on correlations based on simple arrays as
used by Kercher and Tabakoff and Florschuetz et al. to predict their heat transfer. As a
6

result, the industry tends to use more coolant and drill more holes than what is actually
needed, or limit the operating conditions of gas turbines. If experiments were performed
for these variances and data was provided, it would be a major benefit for designers to
improve the cooling effectiveness and also to improve overall engine efficiency.
Our motivations are to find those variances that have not been investigates yet.
Published studies, so far, include the regular jets arrays, with variations on jet-to-jet
spacing. As far as we know, situations involving irregular jet array arrangement, stretched
jet-to-jet spacing both in spanwise and streamwise direction, inconstant spent air channel
and variance in jet nozzle diameter haven ‘t been investigated. Motivations and goals for
this study are:
§

Test the experimental setup by experimenting on inline jet holes arrays and
comparing with existing correlations for impingement heat transfer.

§

Justify the existing impingement correlations on finite randomly distributed jet
holes.

§

Investigate the linearly stretched arrays in both spanwise and streamwise direction
with variation on jet hole diameter, Reynolds number and jet height.

§

Analyze experimental data and update existing correlations
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CHAPTER 2
EXPERIMENTAL SUMMARY
2.1 Thermochromic Liquid Crystal (TLC) Technique
In this study, heat transfer coefficient is measured using a thermochromic liquid
crystals (TLC) technique. Liquid crystals are in a thermodynamic state between pure solid
and pure liquid. Under certain conditions, TLC may exist in some organic compounds.
The state of TLC depends exclusively on temperature. In temperature scale, there are two
phase transition points. One is called event temperature, and the other one is clearing
temperature. The temperature range between these two points is called bandwidth. TLC is
in solid state and appears transparent when temperature is below the event point. As the
temperature rises over its event point, if illuminated with white light, under fixed optical
conditions, the TLC will reflect certain wavelength of visible light. When temperature
travels through TLC’s bandwidth, the reflected light will change accordingly, until the
clearing temperature point was reached. Over clearing temperature point, TLC will appear
transparent again in pure liquid phase. The reflected color spectrum for most TLC
materials will change continuously from red (longer wavelengths) at event temperature
point to blue (shorter wavelengths) at clearing temperature point. Within the bandwidth, a
reflected color always refers to a same certain surface temperature.
Currently available in the market, TLCs are available in three forms: pure (or raw)
coating, sprayable liquid and manufactured sheet. The sprayable form was used in this
experiment. A spray gun powered by compressed air is used to produce a 5 to 10 microns
TLC layer on the surface of plexiglass plate. The TLC layer should be uniform in
thickness and without holding some external tiny particles in the layer. On the top of TLC
layer, we painted another water-soluble black paint layer. This black layer enhances
reflection so that the color changing in TLC could be more visible. At least 2 hours or
8

more is allowed for two layers to dry off and get stable. A local zoom in of the plate
surface is illustrated in Fig. 2.1.

Figure 2.1 TLC paint illustration on target plate

2.2 Experimental Setup
The experimental test setup consists of several sections. These include the supply
section, heating section, plenum chamber, impingement jet plate and target plate. Figure
2.2 shows the schematic of the whole experimental setup. Compressed airflow, which is
supplied by an air compressor, enters the pipe from the left bottom corner in the Figure 2.2.
It then passes through an orifice flow meter, where gage pressure upstream of the orifice
and pressure drop across the orifice plate is measured to calculate its flow rate. An inline
air heater is placed downstream of the orifice flow meter to heat the air to the desired
mainstream temperature. A digital temperature controller controls the air heater to
maintain a constant mainstream temperature. The air then goes through a three-way
diverter valve. The air while heating is bypassed back into the lab away from the test
section. During the test, the valve is flipped and the hot airflow enters the plenum chamber.
The inlet to the test section is a duct with increasing cross-section area and three separated
plastic meshes to make sure the airflow is evenly distributed in the entire area. The evenly
distributed airflow is then forced to pass through a plate with impingement jet holes and
impinges on the target plate directly. Both plates and the plenum chamber are square in
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cross-section. The impingement jet plate and the target plate are made out of plexiglass.
Together with 3 side walls, the plates form an impingement chamber, or called spent air
channel. Thermocouples are mounted on the surface of impingement jet plate at the
centerline of the jet nozzles to measure the mainstream temperature before impingement.
They are put the upstream side of the nozzle and record the temperature history of the
mainstream airflow. The surface temperature change is converted into color change via
thermochromic liquid crystal technique and monitored by a digital RGB camera. Figure
2.3 shows the actual test rig.

Figure 2.2 The overall experimental setup

A transient liquid crystal technique is used for heat transfer measurement.
Thermochromic liquid crystals are sensitive to temperature and display different colors at
different temperature. An air gun is used to paint the liquid crystal on the target plate
surface. The painted liquid crystal layer thickness is roughly about 5-10 microns. To
ensure the liquid crystal color visibility, the liquid crystal layer is backed by a black paint
layer. To ensure good results, the liquid crystal layer should be painted evenly on the test
10

Figure 2.3 Test section

Figure 2.4 The RGB digital camera
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surface. Eventually, the liquid crystal layer deteriorates in color intensity after about 30
cycles of heating and cooling.
The transient process of color change during the test is recorded by a digital RGB
camera, shown as Figure 2.4. The digital camera has a resolution of 512x480 pixels. Based
on its resolution, the digital camera transforms the test area to a point (pixel) array. For
each point, the camera observes the color changes. The color change time is then
transferred into the computer via an ICPCI color frame grabber board. A macro in the
software ‘
Optimas v.6.0’ is used to measure the time from beginning of the transient
experiment till the liquid crystal changes its color to green at every pixel location. For
each pixel on the test surface, the time duration to change color to green is written into a
matrix. The green band is chosen as the red-green transition is clearly visible. The surface
of the target plate must be kept clean so that improper diffuse reflection may be avoided.

Figure 2.5 the instruNet ® 8-channel A/D system
The

mainstream

temperature

is

measured

using

thermocouples.

Three

thermocouples are attached by tape above the centerline of the impingement jet holes just
before impingement. A thin type K thermocouple was chosen because of its quick
response and low time constant. An eight-channel A/D system (Figure 2.5) is used to
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monitor the thermocouple data during the transient test. Its sampling rate is set at 4 points
per second. Measured air temperature history is saved into a data file.

2.3 Standard Arrays
The jet holes arrays are drilled in a square plexiglass plate. The plate has a
dimension of 15 inch by 15 inch and ½ inch in thic kness. Plexiglass has very low thermal
conductivity, which is one of the assumptions in this transient heat transfer experiment.
Also, plexiglass is a material that is transparent like glass but processable. Base plates are
designed to meet different experimental configuration by simple modifications. On the
base plate, some holes are taped and some holes are open to create arrays for this study.
Two main categories of impingement jet arrays were investigated: inline jet holes arrays
(standard arrays) and linearly stretched arrays. The inline jet holes arrays are the first stage
for this study. Three array configurations are experimented for the inline jet holes arrays.
Two array configurations are included in the second stage for the linearly stretched arrays.
All different arrays share the same airflow supply system, the air heater and its controller,
the data gathering system and the target plate. For each tested array, we varied the spent
air channel width to gain more information on the cross-flow effect.

Figure 2.6 Base plate for the inline array
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(a)4X4

(b)8X4

(c)8X8

Figure 2.7 Inline arrays of impingement jet holes of the inline array (Stage 1)

Figure 2.6 shows the jet plate for inline array with all holes open. Jet holes
distribute in a square 11X11 matrix with jets being 4D apart. The jet is round jet with
diameter D=0.25inch (0.635cm) and depth 0.5inch (1.270cm, the plate thickness). Three
configurations for the inline array are arranged to obtain an array of 25 impingement holes
with five holes in the spanwise direction and five holes in the flow direction.
Modifications are made to the base plate to get these three array configurations, shown in
figure 2.7. The configuration I is 4 by 4 array; configuration II is 8 by 4 array; and
configuration III is 8 by 8 array, in which the numbers represent for jet-to-jet spacing in
spanwise direction and streamwise direction respectively, based on the reference jet hole
diameter . The flow direction (streamwise direction) is from bottom to the top in the Figure
2.7. The configuration I, in Figure 2.7(a), has 5X5 array with Xn/D=1 in streamwise
direction and Yn/D=4 in spanwise direction. The configuration II, shown as Figure 2.7(b),
the jet-to-jet spacing in spanwise direction is doubled. So Xn/D=4 and Yn/D=8 for the
second configuration. And in configuration III, the jet-to-jet spacing is further increased to
Xn/D=8 and Yn/D=8, as shown in Figure 2.7(c). All configurations have 25 jet holes open
during the experiment, so the same jet Reynolds number also implies a same total airflow.
Extra holes are blocked by tape. The spacing between the jet plate and target plate can be
varied by changing the wall spacers along the three closed sides and changing the wall
14

distance-to-jet diameter ratio (Z/D) from 1, to 3, and to 5. The geometric parameters of
different inline array configurations are listed for each jet row in streamwise direction in
the Table 2.1.

Table 2.1 Geometric parameters for the inline array
Inline array
Number of jets in a row
Jet row in
streamwise
direction

Base Config.
plate
I

Config. Config.
II
III

Diameter

Jet-to-jet
spacing
(inch/cm)
1.00/2.54
1.00/2.55
1.00/2.56
1.00/2.57
1.00/2.58
1.00/2.59
1.00/2.60
1.00/2.61
1.00/2.62
1.00/2.63
1.00/2.64

1
2
3
4
5

11
11
11
11
11

0
0
0
5
5

0
0
0
5
5

0
5
0
5
0

(inch/cm)
0.25/0.635
0.25/0.635
0.25/0.636
0.25/0.637
0.25/0.638

6
7
8
9
10
11

11
11
11
11
11
11

5
5
5
0
0
0

5
5
5
0
0
0

5
0
5
0
5
0

0.25/0.639
0.25/0.640
0.25/0.641
0.25/0.642
0.25/0.643
0.25/0.644

2.4 Linearly Stretched Arrays
Figure 2.8 shows the base plates for linearly stretched array. The same plexiglass plate
with 15 inch by 15 inch area is used to make the two plates. Figure 2.8(a) is the linearly
stretched array with uniform jet hole diameter. Figure 2.8(b) is the linearly stretched array
with varying diameter. The jet holes are at the same positions on the plates for both plates.
There are 11 rows of jets on the plate in streaswise direction. For each row, the jets are
evenly distributed (in the spanwise direction). The jet-to-jet spacing for the first row is the
same distance from the first row to the second row. The same relation applies to the rest
rows. For example, the jet-to-jet spacing in the ith row is the same distance from the ith row
15

to the (i+1)th row. Also the jet-to-jet spacing for a row increases linearly from the first row
to the eighth row. The intention is to dilute the jet density according to the expansion
direction of the cross-flow so that the cross-flow effect could be reduced. In the varying
diameter case, that upstream rows have smaller jet holes further reduces the cross-flow
effect. The uniform diameter plate has the same diameter D=0.25inch (0.635cm) for all jet
holes. The first row of holes are placed 2 hole diameters apart from each other in the
spanwise direction. The second row of holes are placed 3-hole diameters apart and the
second row is placed 2 hole diameters downstream of the first row. Similarly, the
downstream rows are placed in an increasing distance both in spanwise and streamwise
direction simulating a stretched array of holes. The varying diameter plate changes the jet
hole diameter from 1/8 inch (0.3175cm) at the first row to 1/4 inch (0.635cm) at the eighth
row. The locations of the holes are identical on the plate to the uniform diameter holes
resulting in varying spanwise and streamwise normalized distances. Table 2.2 shows the
normalized distances comparing the uniform and varying diameter plates. The spacing
between the jet plate can be varied by changing the wall spacers along the three closed
sides and changing the wall distance-to-jet diameter ratio (Z/D). These values are also
presented in Table 2.2. These two plates are modified in the experiment. Considering the
visible area from the camera, jets on the edge are not in use and are blocked by tape. They
provide uniform diameter jet holes array and linearly increasing diameter jet holes array
for stage 2. Figure 2.9 (a) and (b) are impingement jet plates that have uniform diameter
and increasing diameter. The shaded areas are covered by impermeable tape. The spent air
flows to the right.
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(a)

(b)

Figure 2.8 Base plates for linearly stretched array

(a)

(b)
Figure 2.9 Linearly stretched arrays
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Table 2.2 Geometric parameters for the linearly stretched arrays
Linear stretched arrays
Uniform diameter
Jet
row

Number of
jet in a row

Diameter

Base
Plate

Exp.
Plate

inch/cm

21

13

0.25/0.635

2

13

9

0.25/0.636

3

11

7

0.25/0.637

4

9

5

0.25/0.638

5

7

5

0.25/0.639

6

5

3

0.25/0.640

7

5

3

0.25/0.641

8

5

3

0.25/0.642

1

Varying diameter
Jet-tojet
spacing

Number of
jet in a row

inch
Base
/cm
Plate
0.5000
21
/1.2700
0.7500
13
/1.9050
1.000
11
/2.5400
1.2500
9
/3.1750
1.5000
7
/3.8100
1.7500
5
/4.4450
2.000
5
/5.0800
2.2500
5
/5.7150

18

Exp.
Plate
17
11
9
7
5
5
5
3

Diameter

Jet-tojet
spacing

inch /cm
0.1250
/0.3175
0.1428
/0.3629
0.1607
/0.4082
0.1786
/0.4536
0.1964
/0.4989
0.2142
/0.5443
0.2321
/0.5896
0.2500
/0.6350

inch/cm
0.5000
/1.2700
0.7500
/1.9050
1.000
/2.5400
1.2500
/3.1750
1.5000
/3.8100
1.7500
/4.4450
2.000
/5.0800
2.2500
/5.7150

CHAPTER 3
EXPERIMENTAL METHODOLOGIES
This chapter presents the basic heat transfer theory, which guides the way the
experimental setup was designed and the data reduction process. The basic technique is to
measure the convective heat transfer coefficient by observing the rise in surface
temperature. The surface temperature is obtained from the specific color band using TLC,
by monitoring with a RGB digital camera. A computer with a frame grabber board is
connected to the camera to measure the color change time for TLC to reach a specific
color band (green) during the transient heating test. To obtain the heat transfer coefficients,
the convective heat transfer problem on the test surface is modeled as a 1-D, semi-infinite
solid with transient conduction.

3.1 Semi-Infinite Solid Heat Transfer with Convective Boundary
Condition
Impingement heat transfer is a convective heat transfer problem. One-dimensional
heat conduction within a semi-infinite solid was assumed. The equation of conservation of
energy to the 1-D transient conduction problem in a semi-infinite solid and with a
convective boundary condition is:

k

∂2T
∂T
= ρC p
2
∂x
∂t

The boundary condition and initial condition are:

−k

∂T
∂x

= h(T∞ − Tw )
X =0

∂T (t , ∞ )
=0
∂x
T (0, x ) = Ti
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T (t , ∞ ) = Ti
Where

x ∈ (0 ∞) is the length in heat flux direction
t ∈ (0 ∞ ) is the time
T∞

is the coming air temperature

Tw

is the wall temperature

Ti

is the initial temperature for the solid

The solution to this problem can be found in the elementary heat transfer book.
The solution for the surface temperature response with time is written as:

 h αt 
Tw − Ti
 h 2αt 

= 1 − exp  2  erfc

T∞ − Ti
k
 k 


If the initial temperature Ti , the mainstream temperature of the coming air T∞ and wall
temperature Tw are known, the heat transfer coefficient h can be calculated from this
implicit equation.
In order to utilize this solution, some assumptions have to be fulfilled:
§

A semi-infinite solid

§

One dimensional heat transfer

§

Uniform initial temperature

§

Constant mainstream temperature
In the present experiment, the target plate has a finite thickness. Therefore, to

satisfy the semi-infinite solid assumption, the temperature on the hot side should not affect
the other side of the test plate. This can be achieved when this solid is reasonably thick or
when the heat transfer occurs for a certain shorter time than the penetration time. The
penetration time is defined as the time for higher temperature on one side of the solid to
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penetrate and affect the temperature on the other side. Under this condition, for the heat
transfer occurring on the one side, this plate could be regarded as semi- infinite
environment. The penetration time is positively proportional to solid thickness, and
negatively proportional to the thermal diffusivity of the chosen material. Plexiglass was
chosen as the material for the target plate because of its low thermal conductivity at 0.187
W/mK and low thermal diffusivity at 0.1073e-6 m2/s. For the heat on one side to penetrate
through the plexiglass plate, the penetration time is around 270 seconds. The semi-infinite
solid assumption will hold as long as the test duration is much lower than the penetration
time. To satisfy the 1-D heat transfer assumption, the heat conduction has to occur in only
one direction inside the solid. In this experiment, it means conduction occurs normally
into the plate surface and the conduction effect can be neglected in the lateral direction.
This is validated in the present target plate as the dominant temperature gradient exists in
the direction vertical to the surface.
The initial temperature of the plexiglass plate is uniformly at room temperature.
However, the oncoming mainstream temperature is higher and is not a true step increase,
we have to apply Duhamel’s superposition to decompose the continuously changing
mainstream temperature into a number of discretely small steps in the mainstream
temperature based on the small time steps. Carslaw and Jeager describe this theorem in
detail [27]. The solution with Duhamel’s superposition can be written as the equation
below.
N 
 h α (t − τ i ) 
 h 2α (t − τ i ) 

 [∆Tm ,i ]

Tw − Ti = ∑ 1 − exp
erfc
2



k
k
i =1 






where
Tw

wall temperature at which TLC changes to green

Ti

plexiglass plate initial temperature

21

τi

time step for each temperature step

∆ Tm,i temperature difference between each temperature step and initial

temperature
h

surface impingement heat transfer coefficient

α

thermal diffusivity of the plexiglass plate

k

thermal conductivity of the plexiglass plate

3.2 Experiment Procedures
Experiment procedures are summarized as follow.
1. Setup is prepared with the chosen jet array geometry and the jet-to-plate width.
2. Test surface is coated with a thin layer of TLC and backing black paint and the
RGB camera is focused on it.
3. Start the compressor to supply compressed air and use 3-way valve to divert out
the airflow away from the test section and wait for steady airflow and constant
temperature.
4. Adjust the incoming airflow to the required flow rate. The orifice flow meter is
used to measure its flow rate.
5. Switch on the air heater and its digital controller. Set the required temperature into
the temperature controller and wait till both flow and temperature get steady.
6. Adjust the lighting to ensure a uniform reflection toward the camera. The
monitoring software “Optimas”can help to check the uniformity of the light.
7. Initiate the software (InstruNet and Optimas). When the airflow gets steady and
temperature becomes constant, start the frame grabbing process, measure
temperatures and divert the airflow into the test section, simultaneously.
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8. Wait until the majority of test area (almost 100%) changes its color, stop the
thermocouple reading and camera and divert the flow back out.
9. Switch off the heater and the temperature controller and wait for a while till the
heater cools down. Then switch off other related devices and terminate the air
supply.
10. Input the color changing time and mainstream temperature into the calculation
program to compute local heat transfer coefficients.
Through the camera, Optimas v.6.0 records the transition time for each point
starting to reflect green color (at 35.4°C) and then saves them into a time matrix
corresponding to the point array. InstruNet will sample the mainstream temperature
measured by thermal couples with the rate of 4 points per second. Each experiment will
last for a maximum time from 90 second to 180 seconds, which is much less than the
penetration time.

3.3 Uncertainty Analysis
The average uncertainty in heat transfer coefficient measurement, estimated by the
method of Kline and McClintock [28], is about ±6.9%. The individual uncertainties in the
measurement of the time of color change (?t=±0.5 sec), the mainstream temperature
( ? Tm=±1°C), the color change temperature (?Tw=±0.2°C), and the wall material
properties (?a/k2 =±5%). These uncertainties were included in the calculation of the
overall uncertainty in the measurement of ‘h’. Since the 1-D conduction is considered into
the plexiglass plate, the 2-D lateral conduction is ignored. Also, the time of transient test is
less than 100 seconds for any case, which causes negligible 2-D effect that can
contaminate the data based on the 1-D transient test. This has been consistently proved
over the past decade in transient liquid crystal studies.
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CHAPTER 4
INLINE JETS ARRAYS
Inline jets arrays are the baseline cases to study multiple jets impingement heat
transfer. The chapter investigates the effect of wall distance-to-jet diameter ratio (Z/D)
varying from 1-5 and also the effect of jet-to-jet spacing both in the flow direction and in
the spanwise direction for inline arrays. The effect of jet Reynolds number (5000, 10000,
15000) is studied for all configurations. This study provides detailed heat transfer
distributions for the effect of jet-to-target wall spac ing, and array configurations. Previous
studies [6, 7, 19, and 26] have not provided detailed heat transfer measurements for these
geometries. This is the main contribution of this study. This study also focuses on the
issue of using the same number of jets over different areas to see the overall effect on
surface heat transfer enhancement. Also the experimental data is compared with two
published impingement heat transfer correlations.

4.1 Investigated Cases
For inline jets arrays, three configurations are investigated. The Configuration I, 4
by 4, is the square jets array which has 4D jet-to-jet spacing in spanwise direction and
streamwise direction. The Configuration II, 8 by 4, is the array that is doubled the jet-to-jet
spacing to 8D in spanwise direction and still holding 4D in streamwise direction. And the
Configuration III, 8 by 8, is the array having 8D jet-to-jet spacing in both spanwise and
streamwise directions. The reference diameter is the jet hole diameter D=0.25inch
(0.6350cm). For each case, three spent air channel widths (jet heights) and three Reynolds
numbers are applied. The three spent air channel widths are Z/D=1, 3 and 5. They are
defined based on the same reference diameter D. Three studied Reynolds numbers are
5000, 10000, and 15000, which are based on the same jet hole diameter. All investigated
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cases are listed in Table 4.1. Then results will be compared with each other and with two
published correlations.

Table 4.1 Test cases for inline array
Z/D
1
Configuration I (4X4)
Spanwise

4D

Streamwise

4D

3

5

1
Configuration II (8X4)
Spanwise

8D

Streamwise

4D

3

5

1
Configuration III (8X8)
Spanwise

8D

Streamwise

8D

3

5

Re
5000
10000
15000
5000
10000
15000
5000
10000
15000
5000
10000
15000
5000
10000
15000
5000
10000
15000
5000
10000
15000
5000
10000
15000
5000
10000
15000

4.2 Experimental Results Presentation
Figure 4.2, Figure 4.4 and Figure 4.5 are the color plots to show detailed
distributions of the local Nusselt numbers of all inline arrays. Color band for Nusselt
number ranges from 0 to 250 with a minimum resolution 10. In the plot, blue color
represents the lowest Nusselt number that is no larger than 0 and red color stands for the
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highest Nusselt number that is no less than 250. The color plot represents the actual
physical location of the test area. Coordinate x lies in the flowing direction and y is the
spanwise direction. Figure 4.1 shows the test section and how the Cartesian coordinate is
set up on it.

Figure 4.1 Test section
Figure 4.2 presents the effect of Reynolds number and Z/D for configuration I
where the jets are spaced 4D apart in both directions. The exit flow direction is from left to
right and the impingement is out of the page. The high Nusselt numbers underneath the
jets are clearly visible from the detailed distributions for all the cases. The Nusselt
numbers underneath the jets and between the jets increase as Reynolds number increases
from 5000 to 15000. The jets are separ ated only four-diameters apart resulting in
interaction between the jets after impingement in the area between the jets. This causes
reasonably high Nusselt number between the jets. The jets almost appear to coalesce in the
region between the jets as the cross-flow from upstream jets increases. Also, the jet-to-jet
interaction increases with increasing Reynolds number. The effect of Z/D value is clearly
evident. At a low Z/D=1, the jets appear to be affected by the exit location, the jet
impingement shapes show the effect of cross-flow as the jets impinge and appear to have a
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wider spread towards the exit. For higher Z/D=3, the effect seems to be decreased and the
jet appears to impinge completely on the surface without any effect of exit cross-flow
from ups tream spent jets. At larger Z/D=5, the jets have to travel a longer distance before
it impinges in the wall. The effect of channel exit causes the jets to move towards the exit
before completely impinging on the surface. This causes lower Nusselt number for Z/D=5
compared to Z/D=3 at the same Reynolds number. At any Reynolds number, it appears
that wall distance-to-jet diameter ratio of Z/D=3 provides the highest impingement heat
transfer coefficient for this configuration. The results show that for low Z/D=1, cross-flow
causes the lower heat transfer and for a large Z/D=5, the jets may be expanded and angled
towards the exit direction.
Carefully examining the Nusselt number distribution, the cross-flow can be
qualitatively determined. In the plots, the jet impingement shows different shapes: circular
to elliptic, due to the blowing by the cross-flow. These shapes are different for jets at
different locations. In the jet array, jet nozzles can be classified as center jets and edge jets
by their relative locations in spanwise direction or upstream jets and downstream jets by
their relative locations in streamwise direction. The jet impingement shape of a single
impingement jet appears a circular because its flow field is symmetric in all directions.
However, in a jets array with one spent air direction, flow field becomes complicated,
because of the cross-flow from other jets. Edge jets are subjected to the cross-flow from
center jets and downstream jets are subjected to the cross-flow from upstream jets. Hence,
every jet in a jets array is more or less experiencing cross-flow in x direction and in y
direction. Figure 4.3 qualitatively illustrates how the jet impingement shape tells the local
flow direction. The jet in Figure 4.3 (a) experiences cross-flow in on e direction, but (b)
experiences cross-flow in two directions. The extension of jet impingement shape in one
direction tells how strong the cross-flow is.
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Re=5000

Re=10000

Re=15000

(a) Z/D=1

Re=5000

Re=10000

Re=15000

(b) Z/D=3

Re=5000

Re=10000

Re=15000

(c) Z/D=5
Figure 4.2 Detailed Nusselt number distribution of Configuration 4X4
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(a)

(b)

Figure 4.3 Nusselt number contours for single jet with cross-flow
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Figure 4.4 presents the effect of Reynolds number and Z/D effect for configuration
II where the jets are spaced 4 hole diameters apart in flow direction and spaced 8 hole
diameters in the spanwise direction. The trends are similar in terms of Reynolds number
and Z/D effects as in the case of configuration 1. However, the jets as expected appear to
interact in the shorter spacing direction compared to large spacing. The area between the
jets in the spanwise direction are unaffected by jet impingement as the spacing is large
enough to allow developed wall boun dary flows and thus causes low heat transfer zones.
Again, the effect of cross-flow on the jet impingement for Z/D=1 is clearly evident. For
this configuration, Z/D=1 appears to produce the highest Nusselt numbers and Z/D=5
provides the lowest. It hints that the wider spacing that may occur due to design in one
direction inside an airfoil may be undesirable. Also for the spanwise jets spacing is twice
as wide as in streamwise direction, flow field visualization done by Matsumoto et al.
shows that large portion of spent air is exiting through the big spacing in spanwise
direction [8].
Figure 4.5 presents the effect of Reynolds number and Z/D effect for configuration
3 where the jets are spaced 8 hole diameters apart in flow direction and spaced 8 hole
diameters in the spanwise direction. This case produces the lowest heat transfer
coefficients in between the jets due to the increased spacing in both directions. The jet
interactions are greatly reduced but still slightly evident. The impingement heat transfer
underneath the jets is still relatively high but there is a large region of non-impingement
between the jets, which reduces the mixing and thus produces lower heat transfer in the
middle regions. The Reynolds number and Z/D effect are similar to configuration I also
except that the Z/D=1 and Z/D=3 appear closer than for the other cases.
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Re=5000

Re=10000

Re=15000

(a) Z/D=1

Re=5000

Re=10000

Re=15000

(b) Z/D=3

Re=5000

Re=10000

Re=15000

(c) Z/D=5
Figure 4.4 The Detailed Nusselt number distribution of Configuration 8X4
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Re=5000

Re=10000

Re=15000

(a) Z/D=1

Re=5000

Re=10000

Re=15000

(b) Z/D=3

Re=5000

Re=10000

Re=15000

(c) Z/D=5
Figure 4.5 The Detailed Nusselt number distribution of Configuration 8X8
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4.3 Results Discussions
As seen from previous color plots, Nusselt number is directly affected by Reynolds
number, spent air channel width and jet array arrangement. Concerning how the Nusselt
number changes in flow direction, local Nusselt numbers are averaged in spanwise
direction. Results are introduced into the Nusselt-x plane and brought together to compare
under different criteria.

4.3.1 Effect of Reynolds Number
Figure 4.6 to Figure 4.8 present the effect of Reynolds number on spanwise
averaged Nusselt number on different Z/D values for Configuration I, II and III
correspondingly. The Nusselt numbers are plotted against dimensionless flow direction
(X/D). The location x/D=0 starts at the centerline of the innermost jet away from the exit
direction. The overall x/D is 20 for the configurations I and II and is 35 for configurations
III. For Configuration I and II, the centers of five jet rows are at x/D=0, 4, 8, 12, and 16.
The centers of five jets rows for Configuration III are at x/D=0, 8, 16, 24, and 32. For
configuration I, Nusselt numbers directly under impingement are as high as 300-350 for
higher Reynolds numbers. At Re=5000, the values are around 70. Crests of the Nusselt
number are right beneath the jets. Troughs are at the area in between jets which are least
affected by jets interaction. The Nusselt number under the jets and between the jets are
significantly higher for Re=15000 compared to Re=5000. The mixing effect is stronger as
Reynolds number increases. The Nusselt number values at larger Reynolds numbers are
higher for Z/D=3 compared with Z/D=5. For configuration II, the region between the jets
shows significantly lower Nusselt number than configuration I. This is due to the reduced
jet-to-jet interactions in the flow direction. The other trends are similar to configuration I.
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(a) Z/D=1

(b) Z/D=3

(c) Z/D=5

Figure 4.6 Effect of Reynolds number for the Configuration 4X4

(a) Z/D=1

(b) Z/D=3

(c) Z/D=5

Figure 4.7 Effect of Reynolds number for the Configuration 8X4

(a) Z/D=1

(b) Z/D=3

(c) Z/D=5

Figure 4.8 Effect of Reynolds number for the Configuration 8X8
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For configuration 3, the highest Nusselt number under the jet is only 250-300 compared to
300-350 for the previous configurations. It clearly shows that increased jet spacing not
only reduced the heat transfer in the region between the jets but also underneath the jets.
The crests and troughs due to jet impingement are steeper than the other two cases.

4.3.2 Effects of the Spent Air Channel Width
Figure 4.9, Figure 4.10 and Figure 4.11 describe how the spanwide averaged
Nusselt number changes along the flow direction (x), for the Configuration 4X4,
Configuration 8X4 and Configuration 8X8 respectively. In the plot, the square solid line,
circle solid line and cross solid line represent Z/D=1, 3, and 5 respectively. Figure 4.6
shows that, for Configuration I, Z/D=1 always has higher heat transfer coefficients than
Z/D=5 does. Z/D=3 is near to Z/D=5 at Re=5000, but near to Z/D=1 at Re=1000 and
15000. At Re=5000 Nusselt number drops significantly at smaller Z/D (i.e. Z/D=1). At
Re=10000 and Re=15000 Nusselt number drops at large Z/D (i.e. Z/D=5). In another word,
at smaller Z/D smaller Reynolds number is more desirable and at larger Z/D larger
Reynolds number is better. The maximum Nusselt value unvaryingly occurs at the 3rd and
4th row. Configuration II and Configuration III show similar trend in x/D direction for
Nusselt number. But for Configuration II, the crest value drops dramatically than
Configuration I, because of the expanded spacing in spanwise direction. Configuration III
has an additional drop in its trough values, and as the Nusselt number fluctuates heavily.

4.3.3 Effect of Different Arrays
Figure 4.12 to Figure 4.14 show the effect of jet plate configuration on
span-averaged Nusselt number distributions for different Reynolds numbers and different
Z/D ratios. The Nusselt numbers are plotted versus x/D/SX/D where the axis is normalized
by the spacing. In the figure, S is used for the spacing ratio S X/D. The five jets rows for all
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Figure 4.9 Span-averaged Nusselt number comparing the jet height for the Case 4X4
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Figure 4.10 Span-averaged Nusselt number comparing the jet height for the Case 8X4
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Figure 4.11 Span-averaged Nusselt num ber comparing the jet height for the Case 8X8
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configurations I, II and III are at x/S/D=0, 1, 2, 3, and 4, so that jets rows of all three
configurations can be fit at the same locations. For all cases, array configuration I
produces the highest heat transfer coefficient both underneath and between the jets.
Configuration III produces higher Nusselt numbers underneath the jet and configuration II
produces higher Nusselt numbers between the jets comparing the other two configurations.
In conclusion, it appears that Rectangular arrays produce similar heat transfer levels
underneath the jets compared to sparse square arrays.

4.3.4 Overall Nusselt Number Comparison
To confirm the above observations, the overall area-averaged Nusselt numbers for
all cases are computed. The areas of coverage are different for each case. The overall areaaveraged Nusselt numbers are plotted against Reynolds numbers. Different plots are
created for different Z/D ratios. Figure 4.15 shows the overall averaged Nusselt number
distributions. As shown before, the Nusselt numbers increase significantly as Reynolds
number increases. Configuration I produces higher Nusselt number as earlier stated.
Configuration II produces higher overall Nusselt numbers than configuration III at low
Reynolds number as Reynolds number reaches 15000, the two configurations provide
comparable values.

4.3.5 Comparing with Existing Correlations
Kercher and Tabakoff experimented on the square array with round air jets and
summarized their experimental data to an equation that depends on geometry, Reynolds
number and cross-flow strength [6]. Their correlation is given by equation 4.1.

NuD , x = φ1φ2 ReD m Pr1 / 2 (Z n / D)0.091
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[4.1]

(a) Re=5000

(b) Re=10000

(c) Re=15000

Figure 4.12 Effect of array configuration on Nusselt number for Z/D=1

(a) Re=5000

(b) Re=10000

(c) Re=15000

Figure 4.13 Effect of array configuration on Nusselt number for Z/D=3

(a) Re=5000

(b) Re=10000

(c) Re=15000

Figure 4.14 Effect of array configuration on Nusselt number for Z/D=5
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Figure 4.15 Overall averaged Nusselt number, up left (a) Z/D=1, up right (b) Z/D=3 and
bottom (c) Z/D=5

In the equation, φ 1 and m are dependent on jet-to-jet spacing in x direction, or streamwise
direction, φ1 = NuD Re−Dm Pr−1/ 3 . The cross-flow is included into the degradation coefficient
φ2. φ2 is the ratio of impingement heat transfer strength with and without cross-flow. It is
a function of ratio between local impingement jet flow rate and cross-flow rate.
Florschuetz et. al. also researched on both inline and staggered jet arrays with jetto-jet spacing from 5 to 15. An easier correlation is provided with 95% confidence [7].

 z   G

Nu = A Re 1 − B    c
 d   G j

m
j
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n


 1/3
 Pr


[4.2]

where all the constants A, m, B and n are given by two categories, inline pattern and
staggered pattern [7].
Using the above two correlations and the measured mass fluxes at each row, the
local heat transfer coefficients have been predicted for inline arrays. The point also to
note is both the studies [6, 7] presented correlations that provide regional average or plate
average Nusselt numbers and not local distributions as obtained in the present study.
Figure 4.16 shows the regional averaged heat transfer coefficient comparison for the
array 4X4, at Z/D=5 and 5000 Reynolds number. The experimental heat transfer
coefficients are averaged for one jet row, which covers from half-way upstream to half way downstream to the adjacent row. The predictions by both correlations are generally
consistant with experimental data. At Re=5000 and 10000, experiment results are
comparable with the predictions by Kercher and Tabakoff [6] and by Florschuetz et al.
[7]. However, at high Reynolds number 15000, both correlations under-estimate the heat
transfer coefficient. Also experiments show that the maximum heat transfer coefficient
appears between the 3rd and 4th row, while the two correlations predict that the regional
averaged heat transfer coefficients monotonically decrease in the flow direction.
Furthermore, both correlations over-predict the heat transfer coefficient for the first row,
maybe because zero cross-flow is assumed for the first row. Similar comparisons for the
8X4 case and 8X8 case are shown in Figure 4.17 and Figure 4.18. For the 8 by 4 case,
Both Kercher and Florschuetz severely over-predict the heat transfer coefficient. The
difference in averaging area may explain the discrepancies. The 8 by 8 case generally fits
the predictions by both correlations. At a low Re=5000, the experimental data is lower
than the correlations. At the high Re=15000, experiment shows higher heat transfer
coefficients.

42

4.4 Conclusions
Detailed Nusselt number distributions are presented for jet impingement with
effects of jet Reynolds number, jet-to-jet spacing, and jet height. Results show that the
overall heat transfer is increased when jets are closer to each other resulting in increased
jet-to-jet interactions and thus higher heat transfer regions in between the jets. The large
spacing arrays produce slightly lower heat transfer under the jets as well as significantly
lower Nusselt numbers between the jets due to reduced jet-to-jet interactions. The jet
height-to-wall ratio (Z/D) is optimum at a value of 3 and produces higher Nusselt
numbers for all geometries at this ratio and shows lower values at Z/D=1 and 5. This may
be due to cross-flow effect in the case of Z/D=1 and increased jet travel distance from jet
plate to target plate in the case of Z/D=5. This is the first comprehensive study to provide
detailed Nusselt number distributions for a variety of jet geometry parameters. Results
provide some understanding as to how to arrange jets to produce optimum heat transfer
on the target wall. The results are consistent with predictions from previous studies [6, 7]
the Nusselt number increase with Reynolds number shows a linear relationship on the
log-log plot.
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Case 4X4, Z/D=5, Re=5000
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Case 4X4, Z/D=5, Re=10000
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Case 4X4, Z/D=5, Re=15000
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Figure 4.16 Comparison with published correlations for the Configuration 4X4 at Z/D=5
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Case 8X4, Z/D=5, Re=5000
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Case 8X4, Z/D=5, Re=10000
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Figure 4.17 Comparison with published correlations for Configuration 8X4, under Z/D=5
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Case 8X8, Z/D=5, Re=5000
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Case 8X8, Z/D=5, Re=10000
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Figure 4.18 Comparison with published correlations for Configuration 8X8, under Z/D=5
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CHAPTER 5
LINEARLY STRETCHED JETS ARRAYS
Typically, the jets are in arrays and the arrangement of the arrays is determined
based on cooling requirements on the airfoil or shroud surfaces. The arrays are not always
in the square form where the jet-to-jet spacing is evenly distributed along the surface.
Also, the jet-to-impingement surface distance varies at different locations. This is typically
a regular array of holes that may appear stretched in the streamwise and spanwise
direction resulting in increased spacing for the downstream holes. Their use is really for
surface cooling coverage, where arrays are tailored or varied according to the external heat
loading. This method is not only used to produce distributed cooling on hot surfaces to
increase overall effectiveness with limited coolant usage but also to counteract the effects
of cross-flow degradation which could be severe if the array is stretched. These liner
stretched arrays have been an issue for backside cooling for combustor liners. In this stage
of experiment, linearly stretched jets arrays are investigated. Detailed heat transfer
coefficient distributions are presented for impingement arrays that are linearly stretched.
Two different arrays have been investigated, one with uniform diameter holes and one
with varying diameter holes for each row. The effect of Reynolds number and jet hole-totarget plate distance was also investigated. The main goal is to make actual measurements
for stretched arrays and compare the results to predictions based on correlations developed
by Kercher and Tabakoff [6] and Florschuetz et al. [7].

5.1 Investigated Cases
For the uniform diameter plate, all the holes are of a uniform diameter with holes
of diameter 0.25inch (0.6350cm). The first row of holes are placed 2 hole diameters apart
from each other in the spanwise direction. The second row of holes are placed 3-hole
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diameters apart and the second row is placed 2 hole diameters downstream of the first row.
Similarly, the downstream rows are placed in an increasing distance both in spanwise and
streamwise direction simulating a stretched array of holes. In the varying diameter case,
the hole diameters are increasing from the first row with hole diameters of 0.125inch
(0.3175cm) to the last row with 0.25inch (0.6350cm). The locations of the holes are
identical on the plate to the uniform diameter holes resulting in varying spanwise and
streamwise normalized distances. The spacing between the jet plate and target plate can be
varied by changing the wall spacers along the three closed sides and changing the wall
distance-to-jet diameter ratio (Z/D). Z/D=1, 3 and 5 with reference diameter D=0.25inch
(0.635cm) are three investigated spacings . For both cases, there are totally 8 jet rows in the
flow direction. The uniform diameter plate has 48 nozzles are actually in use. The varying
diameter plate has 62 jet nozzles are in use. The three flow strengths are 2000, 6000, and
10000 measured in Reynolds number with respect to the averaged jet nozzle diameter
D=0.25inch (0.6350cm). For the uniform diameter plate, the uniform diameter and the
average diameter are same at 0.25inch (0.635cm). For the variable diameter, the average
diameter is 0.1670inch (0.4318cm). Table 2.2 gives the detailed jet array arrangements.
In this study, we have chosen to present all the results in terms of heat transfer
coefficients and not Nusselt numbers due to the varying diameter effect. It is difficult to
compare Nusselt numbers when the holes ar e varying in diameter from location to location.

5.2 Experimental Results Presentation
5.2.1 Linearly Stretched Array with Uniform Diameter
Figure 5.1 represents the detailed distribution of local Nusselt numbers for linearly
stretched jet array with uniform diameter. The spent air flows upward along the x direction.
The effects of the jet Reynolds number and jet height are presented in Figure 5.1. It
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appears that the interaction between the jets decreases downstream as the jets become
sparse from first row to the eighth row of holes. Higher Reynolds number brings higher
Nusselt number and stronger jets interaction. The jets also appear to be spreading outward
with increase heat transfer coefficients in between the holes. The cross-flow effect is also
evident with the widened heat transfer zone behind the impingement locations. The crossflow effect seems strongest for the jet height-to-target wall (Z/D) ratio of 1.0. A Z/D of 3.0
produces the highest heat transfer coefficients compared to the other Z/D ratios for this
geometry. The detailed heat transfer coefficient distributions clearly show the tendency of
increased cross-flow is to push the jets away from the wall resulting in lower heat transfer
coefficients directly underneath the impinging jets. The jets interaction is affected by jetto-jet spacing and spent air channel width. At first jets row, stagnant zone for adjacent jets
is conterminous. As the array becomes sparse, jets interaction becomes weak untill
disappeared. At jet height Z/D=1 under Re=6000 to 10000 and Z/D=3 under Re=10000,
the second peak, as shown in Figure 5.3 for Z/D=1 under Re=6000, occurs at the first row.
It is obvious that the second peak is related to turbulent level. Several explanations have
been presented for a single jet, but none of them are entirely satisfying [12, 13, 14].
Figure 5.2 presents the span-averaged heat transfer coefficient distributions for
each Reynolds number comparing the effect of jet height to wall ratio (Z/D). The heat
transfer coefficients are plotted against actual distance in cms. For a Re=2000 (Fig. 5.1a),
the heat transfer coefficients for Z/D=1 and 3 are high for the upstream rows. However,
the heat transfer coefficients decrease rapidly further downstream. However for Z/D=5,
the heat transfer coefficients for each row appear to be periodic with slight degradation for
the downstream holes. For the 7th and 8th rows, all three heights produce sim ilar levels of
heat transfer coefficients. For Re=6000, the Z/D=3 case clearly produces higher heat
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Z=0.25 inch

Z=0.75inch
(a) Re=2000

Z=1.25inch
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Z=0.75inch
(b) Re=6000
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Z=0.25 inch

Z=0.75inch
(c) Re=10000

Z=1.25inch

Figure 5.1 Nusselt number distribution of the uniform diameter case
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Figure 5.2 Effect of jet height on span-averaged heat transfer coefficients for uniform
diameter jet plated; top (a) Re=2000; middle (b) Re=6000 and bottom (c) Re=10000

51

Figure 5.3 The second peaks in between jets, part of the uniform diameter case at Z=0.25
inch and Re=6000
transfer coefficients compared to Z/D=1 and 5. However for Z/D=1, the levels of heat
transfer coefficient for the downstream rows are comparable to that for Z/D=3. At
Re=10000, all three cases show similar levels of heat transfer coefficient. The peaks are
stronger for Z/D=1 and 3 but the valleys are flatter for Z/D=5.

5.2.2 Linearly Stretched Array with Varying Diameter
Figure 5.4 shows the local heat transfer coefficients map for stretched array with
varying diameter. The exit flow direction is from bottom to top of the page. The trends are
similar with jet impingement strong for the upstream holes and decreasing downstream
with increasing cross-flow effects. Also the cross-flow is reduced because of shrink of the
upstream jet nozzle diameter. It appears that the heat transfer coefficients underneath the
impingement holes are much higher for this geometry than for the uniform diameter holes,
shown as Figure 5.6. Similarly, Holdeman suggested that reducing jet diameter increase
the heat transferred to the surface, since jet velocity and jet Reynolds number are increased
[15]. Also, the jet height to wall distance of ¼ inch (0.635cm) produces the highest heat
transfer coefficients compared to the other heights. It also appears that the jet-to-jet
interaction in the spanwise direction is stronger for this geometry than for the uniform
diameter case.
Figure 5. 5 is the span-averaged heat transfer coefficient distributions of varying
diameter case for different Reynolds number comparing the effect of jet heights. For
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consistent annotation, the jet heights are still marked as Z/D=1, 3 and 5, with the reference
diameter D=0.25 inch still holding the same. The span-averaged heat transfer coefficient is
plotted against the actual jets distance in centimeters. For all three jet heights, the crest
values for Z/D=1 are lower as jet spacing increases. But no like the uniform diameter case,
this decreasing in heat transfer coefficient is much less because the jet nozzle diameters
are increasing at the same time. Also the difference between crests and troughs is much
larger than uniform diameter case. For Re=2000, starting from the 3rd row, the trough
values for heat transfer drop dramatically, because the jet-to-jet spacing increases large
enough at this point to offset the enhancement of heat transfer brought by jets interaction.
In another word, the jets interaction cannot fully cover the area in between. The drop also
occurs at the 3rd row for Re=6000 and 10000, but the drop is much less than Re=2000. For
the downstream rows of jets, the jet height appears to make very little difference to the
heat transfer coefficient. This trend is similar in all three Reynolds numbers.

5.3 Results Discussions
5.3.1 Jet Flow and Cross-Flow
Figure 5.7 shows the percent mass flow compared to the total mass flow through
each hole and the amount of cross-flow at the jet nozzle location. Results are presented for
both the uniform diameter configuration and varying diameter configuration. For the
uniform diameter case, the number of holes in the first row is highest resulting in almost
30% of the total flow occurring through the first row. As the number of holes decreases in
subsequent rows, the jet flow decreases. The cross-flow is significant even for the second
row of hole with 30% of total flow becoming cross-flow. For the varying diameter case,
the jet flow through each row between 10% and 15% for each of the 8 rows of holes
showing almost even distribution of mass flow. Figure 5.8 gives the local Reynolds
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(c) Re=10000
Figure 5.4 Nusselt number distribution of the varying diameter case
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Figure 5.5 Effect of jet height on span-averaged heat transfer coefficients for varying
diameter jet plate, top (a) Re=2000, middle (b) Re=6000 and bottom (c) Re=10000
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Figure 5.6 Local Nusselt distribution of the uniform diameter case and the varying
diameter case at Z/D=1 and Re=10000
number variation for different row of jets. For the uniform diameter, the jet velocity and
jet Reynolds number are constant for different rows. The varying diameter case has the
identical jet velocity, but the number of jets in a row and the jet cross-section area makes
the local Reynolds number different.

5.3.2 Comparison of Different Arrays
Flow measurements were performed to estimate the amount of mass flow through
each row of holes and the amount of cross-flow effect on each flow. Figure 5.7 shows the
percent mass flow compared to the total mass flow through each hole and the amount of
cross-flow at the hole location. Results are presented for both the uniform diameter and
varying diameter case. For the uniform diameter case, the number of holes in the first row
is highest resulting in almost 30% of the total flow occurring through the first row. As the
number of holes decreases in subsequent rows, the jet flow decreases. The cross-flow is
significant even for the second row of hole with 30% of total flow becoming cross-flow.
For the varying diameter case, the jet flow through each row between 10% and 15% for
each of the 8 rows of holes showing almost even distribution of mass flow. The cross-flow
development is also more gradual than for the uniform diameter holes. This flow
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information is critical for predicting heat transfer coefficients from correlations presented
by Kercher and Tabakoff [6] and Florschuetz et al. [7]. The flow distribution is valid for
all Z/D spacings as the pressure differences between first row to exit of the impingement
channel show minimum variations.
Figure 5.8 presents the local jet Reynolds variation for both uniform and varying
diameter rows. The uniform diameter jet Reynolds numbers are constant as the hole
diameters and jet velocities are constant. For the uniform hole diameters, the jet velocities
are almost identical but the hole diameters increase downstream resulting in higher
Reynolds numbers. These local Reynolds numbers were used to compute the heat transfer
coefficients while using the correlations from previous studies [6, 7].
Figure 5.9 compares the uniform diameter and varying diameter cases to results for
square arrays obtained in inline jet arrays. The holes are spaced 4 hole diameters apart in
both spanwise and streamwise direction in their study with a hole diameter of 0.635-cm
similar to the uniform diameter case.
It is fairly evident that the varying diameter cases produces the highest heat transfer
coefficients among the three jet arrays except at Z/D=3 where uniform diameter case
shows slightly higher heat transfer coefficients for the upstream rows. The square arrays
had only five rows so the cross-flow effect was limited. If we had rows downstream of
these five rows, the degradation would have been significant.

5.3.3 Comparison with Published Correlations
Figure 5.10 presents the regional average heat transfer coefficient comparisons for
different Reynolds number for Z/D=3 with the predictions from both the correlations.
Both the correlations predict very high heat transfer coefficients for the first row and show
immediate degradation downstream for the rest of the rows. From the 5th row, the
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Figure 5.7 Jet flow and cross-flow distributions for both jet plates
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Figure 5.8 Jet Reynolds number variation based on row location and local nozzle diameter
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Figure 5.9 Comparison of span-averaged heat transfer coefficient distributions between
square jet array and stretched jet array at Z/D=5, top (a) Re=2000, middle (b) Re=6000
and bottom (c) Re=10000
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degradation tends to be stable, because at this point is the jet impingement has very low
jets interaction and acts like a single jet. The first row is severely over-predicted as the
correlation uses no cross-flow at this point. In the present experiment, the first two rows
produce identical levels of heat transfer coefficients for all three jet heights and degrade
downstream but not as rapidly as the correlation predicted values. Far downstream, it
appears that the correlations and the experiments are in good agreement. Kercher and
Tabakoff [6] correlation generally predicts values lower than that from Florschuetz et al.
[7] correlation. In fact, the zero-cross-flow first row has Kercher and Tabakoff [5]
predicting closer values to the experiment. The cross-flow effect is over-predicted for both
the correlations resulting in lower heat transfer coefficients than measured. Particularly,
the discrepancy between experiment and these two correlations is big for varying diameter
case.
Figure 5.11 presents the overall-averaged heat transfer coefficients versus
Reynolds number in a log-log plot for each of the jet heights. The overall averaged values
obtained from the experiments intertwine with the predictions of both the correlations. The
slope however is different for the experimental data. The effect of jet height seems to be
negligible for the varying diameter case. However, there are significant differences in the
uniform diameter case with varying Z/D with Z/D=5 providing lowest heat transfer
coefficients. Florschuetz et al. [7] and Kercher and Tabakoff [6] predict consistently for
Re=2000 to 10000. However, they both predict higher heat transfer coefficient than the
experiment at lower Reynoldes number and predict lower heat transfer coefficient at
higher Reynolds number.
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Figure 5.10 Comparison of experimental data to published correlations for Z/D=3 at
different Reynolds number, top (a) Re=2000, middle (b) Re=6000 and bottom (c)
Re=10000
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5.4 Conclusions
Detailed heat transfer coefficient distributions are presented for linearly stretched
jet impingement arrays. Two different arrays are investigated with uniform diameter holes
through the array for one case and varying diameter holes at every row location for
another case. The varying diameter and the uniform diameter holes are at the same
physical locations resulting in different spanwise and streamwise spacing and also
different jet heights at every row location for the varying holes case. Heat transfer
coefficients are typically higher for the varying holes on most of the test plate except for
the first two rows where uniform holes produce higher heat transfer coefficients due to
increase jet flow. The varying diameter geometry also produces uniform flow rate through
each of the rows. The predictions from the published correlations by Kercher and
Tabakoff [6] and Florschuetz et al. [7] locally over-predict the effect of cross-flow on heat
transfer and under-predict the heat transfer coefficients when under strong cross-flow
effects. The correlations also over -predict the heat transfer coefficients at the first row
where cross-flow is non-existent. The overall-average results show that the experimental
results intertwine with the predictions of the two correlations and also the slope of the line
with Reynolds number is different than both the correlations. This may be strongly evident
at higher Reynolds number th an the ones investigated in this study. In conclusion, there is
a need to investigate jet impingement heat transfer for extremely strong cross-flow
conditions as the existing correlations do not cover the range.

62

Figure 5.11 Overall averaged heat transfer coefficient comparisons for top (a) uniform
diameter and bottom (b) varying diameter jet plates
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CHAPTER 6
CONCLUSIONS
The experiments on impingement heat transfer have been conducted for inline jets
arrays and linearly stretched jets arrays. For inline jets arrays, three different array
configurations, 4 by 4, 8 by 4 and 8 by 8 have been investigated. For the linearly stretched
arrays, two configurations that have been studied are the uniform diameter case and the
varying diameter case. For each configuration, effect of jet heights and Reynolds number
are investigated. Detailed local Nusselt number distributions are presented. The spanaveraged local heat transfer coefficients and overall averaged heat transfer coefficients are
compared. For the inline jet arrays, Z/D=3 gives higher heat transfer coefficient. For the
linearly stretched arrays, the varying diameter case has better heat transfer performance.
Comparisons are made between experimental data and two published correlations
presented by Kercher and Tabakoff [6] and Florschuetz et al [7]. The experimental results
generally match the predictions by two correlations. However, both correlations strongly
over predict the heat transfer coefficient in the first jet row and under predict the heat
transfer coefficient at higher Reynolds number, particularly for the linearly stretched array
with varying diameter case. Some modifications are needed to expand these two widely
accepted correlations to the situations with complicated jets array geometries, varying jet
nozzle diameter and very high Reynolds number.
To provide a good guide for deploying the impingement heat transfer enhancement
technique, future works may focus on the following issues.
1. Variation on the spent air channel width.
2. Complicated coupling problems involving irregular jets array, varying jet nozzle
diameter, and varying spent air channel width.
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3. CFD or experimental investigation and optimization on the exhausting flow field.
4. More ways of reducing the cross-flow.
5. Experimentally interpretation on heat transfer coefficient in terms of local jet
responsible area, which is determined by jets array geometric configuration.
6. Finally summarizing all works to a widely applicable correlation especially for
impingement heat transfer.
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